recent work relevant to receptive field structure of cells of the parvocellular (PC) and (MC) magnocellular pathways in the primate. In the PC-pathway, recent data suggest that different color-and cone-opponent ganglion cells make up specific anatomical classes with specific cone connectivities and bipolar cell input. For example, blue-on ganglion cells have been identified anatomically as the small bistratified ganglion cell class. For the midget ganglion cells, which appear to be red*reen opponent, there seems to be only one mosaic for red and green on-center and one for red and green off-center cells. This mixture of cell type within a retinal cell mosaic is unusual, as is the fact that dendritic trees of neighboring midget cells do not overlap. Physiologically, all PC-cells lack a contrast gain control mechanism and show a high degree of spatial and temporal linearity of their responses. In the magnocellular pathway, on-and off-center cells, corresponding to parasol cells with dendritic trees ramifying in the inner and outer sublaminae of the inner plexiform layer, show properties familiar from studies of cat ganglion cells, e.g. a contrast gain control is present. However, a chromatic input to the receptive field surround gives their responses an additional order of complexity.
INTRODUCTION
Responses of primate ganglion cells can be interpreted in terms of our knowledge of primate retinal anatomy, and can be used to infer cellular events early in the retina. Ganglion cell responses can also be evaluated in terms of our own perceptual performance, since it is now recognized that the old-world primate provides an appropriate model for human vision. Thus primate retinal physiology is of interest from a number of viewpoints. This review attempts an update on recent developments in ganglion cell physiology and anatomy. The division of function between different classes of primate ganglion cell is a more intractable question, but the more extensive our knowledge of the primate retina, the better can physiological and anatomical data be used to constrain models of central processing of afferent signals.
Following an overview of cell classification in primate retina, recent results concerning the relation of physiological types to their anatomical identification ind distribution are discussed, and recent data bearing on receptive field structure and response dynamics are summarized. Finally, some functional implications of the retinal physiology are reviewed. More extensive overviews of primate retinal anatomy (Rodieck, 1988) and physiology (Kaplan, Lee & Shapley, 1990 ) may be found elsewhere, and some recent anatomical developments are included in recent reviews (Dacey, 1994; WBssle & Boycott, 1991) . Parallel pathways in the primate visual system have recently been reviewed from a functional perspective by Merigan and Maunsell (1993) .
Terminology
It is now widely accepted that the parvocellular and magnocellular systems of the primate visual pathway are separate processing streams of major functional significance. Parvocellular and magnocellular refer to the laminae within the lateral geniculate nucleus (LGN) in which ganglion cell axons terminate. It is usual to term cells belonging to these pathways P-cells and M-cells respectively, although the latter initial is the same as that often used to designate the middle wavelength-sensitive (M) cone. To avoid this confusion, the abbreviations PCcells and MC-cells have been adopted here. The other cone types are referred to as long-(L) and shortwavelength (S) sensitive cones.
Anatomically, retrograde labeling experiments have shown that midget ganglion cells near the fovea project to the parvocellular layers of the LGN and parasol cells to the magnocellular laminae (e.g. Perry, Oehler & Cowey, 1984) . The terms midget and parasol were originally coined by Polyak (1941) , and it may be that as currently 632 BARRY B. LEE +L-M Red On-centre FIGURE 1. Responses of a + L -M, red on-center cell to flashed stimuli of different dominant wavelengths under photopic and low mesopic conditions. The key indicates the stimuli, and the bars below indicate their duration (300 msec). Under photopic conditions the cell only gives an excitatory response to wavelengths longer than IX 575 nm. Spectral responsiveness becomes much broader at lower light levels. Redrawn with permission from Lee et al. (1987) .
used "midget" and "parasol" do not precisely correspond to his original description. However, when discussing retinal anatomy midget and parasol are sometimes convenient terms. Beyond about 7 deg eccentricity, dendritic trees of midget ganglion cells begin to contact more than one bipolar and lose the characteristic midget morphology. However, it is likely that only a single class of PC-cell is involved (Dacey, 1993b; WHssle & Boycott, 1991) and the term midget will be applied to these cells at all eccentricities. In the macaque, LGN cell responses are closely related to those of their retinal afferents (Kaplan & Shapley, 1984; Lee, Virsu & Creutzfeldt, 1983) . Data from ganglion cells and from LGN neurons have been used here. Recordings from the LGN, either as S-potentials or from relay cells, offer the advantage that PC-and MCcells can be identified from the lamina of recording. In the retina, PC-and MC-cells must be identified on the basis of their physiological properties, but retinal recordings offer the advantages of good mechanical and physiological stability, and the ability to easily reach any desired location on the retina; the LGN is quite convoluted (Malpeli & Baker, 1975) and the central fovea1 representation is sometimes difficult to find.
Cell types and their classi@cation
As a background to classification within these pathways, it is useful to look at the way such schemes developed. The first schemes were based on spectral sensitivity measurements with monochromatic lights, often on dim backgrounds (reviewed in DeValois, 1973) . These background conditions were unfortunate, since many PC-cells have a broader spectral sensitivity at low adaptation levels than at moderate or higher levels (Lee, Valberg, T&well & Tryti, 1987; Marrocco & DeValois, 1977) . Partly for this reason, a broad-band class of cells in the parvocellular layers of the LGN was described [e.g. Type III cells (Wiesel & Hubel, 1966) ]. Under photopic conditions such cells usually exhibit a much greater degree of spectral selectivity. This is illustrated in Fig. 1 .
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A red on, + L -M cell from the parvocellular layers of the LGN was stimulated with a set of monochromatic wavelengths (and white) as indicated, either on a dark or with a white, photopic background [adapted from Lee et al. (1987) ]. Under dark-adapted conditions, the cell gives an excitatory response to light over almost the entire spectrum, but under photopic conditions spectral sensitivity is much narrower, and lights of wavelengths shorter than about 570 nm inhibit the cell's firing. This adaptation-dependent behavior is stressed here, for the presence of broad-band PC-cells is still frequently cited, but several studies have shown that almost all PC-cells show some degree of color opponency, and should not be classified as broad-band. This finding was initially reported as concealed color opponency, based on adaptation experiments (de Monasterio, Gouras & Tolhurst, 1975a; Padmos & van Norren, 1975) . More recent experiments, in which modulation in a color space has been used to identify opponency and cone inputs, have provided strong evidence that PC-cells without color opponency are extremely rare under photopic conditions (Derrington, Krauskopf & Lennie, 1984; Lee et al., 1987) .
The presence of parallel pathways in the cat retina with sustained (X-cells) and transient (Y-cells) properties led to the suggestion that the sustained, PC-pathway and the transient, MC-pathway were the homologous systems of the primate (de Monasterio, 1978a, b; Dreher, Fukuda & Rodieck, 1976) . Shapley and Perry (1986) put forward several arguments against this interpretation and proposed that MC-cells correspond to the cat X-cell class, whereas PC-cells correspond to a "hyperplasic enlargement" of the color-coded ganglion cells of lower mammals, unique to the primate and primarily concerned with color vision. On the other hand, there are anatomical affinities between parasol cells and c1 cells, although this is less clear for midget cells and /l cells (e.g. Dacey & Brace, 1992) . Whichever way the pathways have evolved, recent evidence strongly suggests that PC-cells R Cone Weight FIGURE 2. Normalized weights of signals from L-and M-cones to PCcells. The weightings were derived from experiments in which the chromaticity and/or luminance of a field was modulated in a defined cone space. Cells receiving input from only M-and L-cones will be represented by points lying along the unit diagonals connecting the ends of the axes. No points lie along the + 1 to + 1 or -1 to -1 axes, indicating that no PC-cell receives summed input from M-and Lcones. Every PC-cell solely receiving M-and L-cone input plots along the -1 to + 1 axes, indicating the inputs were of opposite sign. Cells receiving S-cone input fall within the unit diagonals. From Derrington er nl. (1984) with permission.
show certain features unusual among ganglion cells. This recent evidence is part of subsequent sections. The preferred way of classifying PC-cells is on the basis of their cone inputs. Identification of cone inputs was first carried out using differential adaptation (de Monasterio & Gouras, 1975; de Monasterio et al., 1975a, b) and later by modulating a uniform field in known directions in color space Lee et al., 1987) . Response amplitude is dependent upon modulation direction in color space and it is easy to deduce the cones providing input. The second method has the advantage that a quantitative estimate of cone weightings under relatively neutral adaptation conditions can be obtained, which is not possible with differential adaptation. This is demonstrated in Fig. 2 , replotted from Derrington et al. (1984) , which shows the distribution of weights of L-, M-and S-cones inputs to PC-cells. Points lying along the unit diagonals are cells with input from only the M-and L-cones. Such cells are only found on the diagonals with a slope of + 1, where these cone inputs are opponent (+ M -L or + L -M). No PC-cell was reported as receiving additive input from the M-and Lcones alone, i.e. as being an achromatic cell; there are no cells along the unit diagonals with a slope of -1. Cells falling within the diagonals receive S-cone input. This may be excitatory or inhibitory, usually opposed by some combination of the other two cones. Although cells with inhibitory S-cone input are rare (with an encounter rate in the LGN of ca 1:2 relative to excitatory S-cone cells), and their existence had been doubted (Gouras, 1984) , they form a class with distinctive properties (Valberg, Lee & Tigwell, 1986) . Thus on the basis of cone input, four major classes of PC-cell can be identified; + M -L, + L -M, + S -(ML) and + (ML) -S. + M -L and L/M cells can be further sub-divided into red on-center, green on-center, red off-center and green off-center groups (e.g. Wiesel & Hubel, 1966) .
MC-cells are clearly separable into on-and off-center types (Wiesel & Hubel, 1966) . With large-field stimuli modulated in color space at 3.75 Hz, cone weightings may show evidence of opponency , but at higher frequencies null responses are found at equal luminance, implying a VA-like, broad-band spectral sensitivity made up of a sum of M-and L-cones (Lee, Martin & Valberg, 1988) . At lower temporal frequencies it appears that MC-cells have more complex receptive field properties than PC-cells, one of which is a chromatic input to the receptive field surround (Smith, Lee, Pokorny, Martin & Valberg, 1992) . This input probably accounts for the Type IV MC-cell of Wiesel and Hubel (1966) . Current evidence suggests such cells represent the extreme of a continuum rather than a distinct class Smith et al., 1992) .
Several other ganglion cell types have been described (de Monasterio, 1978~; Schiller & Malpeli, 1977) , many of which project to the midbrain (but see Hendry & Yoshioka, 1994) , and some of which show properties reminiscent of some types of cat W-cells. However, the physiology of these rare types has not recently been investigated.
RECENT RESULTS

Anatomical identification of primate ganglion cells in vitro
It has recently become possible to record intracellular visual responses from the primate retina in vitro, and this has permitted anatomical staining of physiologically identified cells. In many species, dendritic trees of onand off-center cells have been found to ramify in different layers of the inner plexiform layer (IPL) (e.g. Famiglietti & Kolb, 1976) . Both parasol and midget ganglion cells can be divided into two sets on this basis (Perry et al., 1984; Silveira & Perry, 1991; Watanabe & Rodieck, 1989) . As expected, parasol cells with dendrites ramifying vitreal and scleral in the IPL showed all the features of on-and off-center MC-cells respectively (Dacey & Lee, 1994b) .
The in vitro technique has provided striking confirmation that small bistratified ganglion cells correspond to the blue-on cell (Dacey, 1993a) , with excitatory input from the S-cone and inhibitory input from some combination of the other two cell types [+ S -(ML)]. Figure 3 (from Dacey & Lee, 1994a) shows an intracellular record from such a cell together with its dendritic morphology. One stratum of dendrites lies very vitreal in the IPL, close to the termination of the S-cone bipolar cells. The other lies scleral in a region where there is potential input from off-bipolars. It is possible that cone opponency is generated through these two bipolar . Physiological and morphological identification of the blue-on ganglion cell type. Data were recorded intracellularly from an in vitro preparation and cells were stained with neurobiotin. In (a) the cell gives a vigorous response to a stimulus which modulated the S-cone in isolation, i.e. along a tritanopic confusion line. The depolarization of the membrane potential and the spikes are in phase with S-cone excitation. In (b) the cell's morphology is reconstructed and can be seen to be a small field bistratified cell. Two layers of dendritic tree can be drawn, which ramify in the inner and outer plexiform layers. Reprinted with permission from Dacey and Lee (1994a, Nature, Macmillan Magazines Ltd).
inputs. The + (ML) -S cell has been tentatively identified as a neuron type with a small cell body and a large monostratified dendritic tree ramifying vitreal in the IPL close to the S-cone bipolar terminals (D. M. Dacey, personal communication). It seems likely that midget ganglion cells correspond to the red-green M, L-cone opponent type. A variety of other morphological types exist, presumably corresponding mostly to miscellaneous physiological cell groups projecting to the midbrain. However, it is noteworthy that until now none of these cells has displayed cone opponency (Dacey & Lee, 1994b) .
The link between anatomical and physiological types is summarized in Table 1 , together with putative bipolar inputs to the different types, and an approximate estimate of relative proportions. This estimate may vary somewhat with retinal eccentricity. For example, S-cone cell density will depend in some way on S-cone density. Table 1 highlights the fact that inner midgets correspond to two physiological types, red and green on-center cells. The same is true for outer midgets and red and green offcenter cells. Inner and outer midgets each form a single mosaic, as illustrated in Fig. 4 (from Dacey, 1993b) . A large number of inner midgets were stained from a patch of peripheral human retina, where midget cell dendritic trees receive input from several bipolars. The implication is that each mosaic is made up of two physiological cell types. Inhomogeneity of receptive field properties within a single retinal cell mosaic is a most unusual feature, one exception being of course the cones themselves.
In the midget system of central retina where midget ganglion cells contact a single midget bipolar, the synaptic connection is very compact and dendritic trees of neighboring midget ganglion cells (of the same mosaic) show little or no overlap. Figure 4 also illustrates the surprising result that this is the case in peripheral retina (Dacey, 1993b) . This again is an exceptional feature. For example, dendrites of p-cells of the cat retina and of MC-cells overlap so that a retinal point is covered by several dendritic trees. Cell numerosity and coverage factors are discussed in further detail in a later section.
These studies suggest a retinal anatomy in which different physiological cell types correspond to neurons with specific morphologies and specific connectivities. It may be that cone opponency is limited to a few morphological types.
Other anatomical findings
A number of recent results from retinal anatomy are likely to have consequences for ganglion cell receptive fields. Beginning in the outer retina, the spatial arrangement of M-and L-cones has been shown not to be a regular, alternating matrix but at least random with a possibility of clumping of cones of the same type (Mollon & Bowmaker, 1992) . Patches of M-and L-cones thus occur, and this will affect receptive field structure (and  distribution) of red-green PC-cells. For cells with centers receiving input from more than one cone, center shape (if from just one cone type) would be expected to be irregular and/or patchy reflecting the underlying cone distributions.
In the central retina, where there appears to be one on (and one off) midget cell per cone, distribution of, for example, red and green on-cells would themselves be patchy. The physiological and functional consequences of this have yet to be fully explored (but see Williams, Sekiguchi, Haake, Brainard & Packer, 1991) . Next, HI and HI1 horizontal cells have been reported to contact every cone beneath their dendritic trees (Boycott, Hopkins & Sperling, 1987; Wassle, Boycott & Rohrenbeck, 1989) but it was recently suggested that HI1 horizontal cells may have specific connections to Scones, and that a HI11 horizontal cell exists (Kolb, Fernandez, Schouten, Ahnelt, Linberg & Fisher, 1994) . These cell types have now been resolved physiologically (Dacey & Lee, 1995) . It turns out that only two types of horizontal cells can be identified. Type I cells are achromatic, as reported earlier (Dacheux & Raviola, 1990) , although they appear to avoid S-cones. Type II cells contact all cone types, but selectively seek out Scones which have a strong input. However, in contrast to lower vertebrates, the three cone types are not opponent; input from all cones depolarizes the HI1 cell. These findings have strong implications for the development of cone opponency in outer or inner primate retina, and this is discussed in more detail below. Next, it has been demonstrated that the midget bipolar cell provides a cone-specific path to the IPL up to high retinal eccentricities, where midget ganglion cells have relatively large dendritic trees (Boycott & Wassle, 1991; Milam, Dacey & Dizhoor, 1993; Wassle, Griinert, Martin & Boycott, 1994) . Thus an anatomical substrate for cone opponency may exist in the retinal periphery, where its presence or absence has been a matter of discussion (Shapley & Perry, 1986) . Lastly, midget bipolar cells of both inner and outer varieties have two sub-types based on synaptic structure (Calkins, Schein, Tsukamoto & Sterling, 1994) . This may well reflect connectivity to Mor L-cones, but the physiological significance is obscure.
Receptive field structure
Type I and Type II PC-cells. Wiesel and Hubel (1966) described Type I (e.g. red on-center, red off-center) cells with conventional center-surround organization and Type II cells in which the opponent cone inputs were co-extensive.
This issue is of interest since it has recently been proposed that color vision is entirely mediated by Type II cells as a separate class corresponding to a specific anatomical type, the bistratified ganglion cell (Rodieck, 1991) . Against this view, the recent in vitro experiments have shown that small bistratified ganglion cells correspond exclusively to the blue-on, + S -ML cells (Dacey & Lee, 1994a) and no red-green opponent cell apart from midgets has yet been found (Dacey & Lee, 1994b) .
The only Type II cells clearly identified by Wiesel and Hubel(l966) were blue-yellow cells. Other authors have also reported that Type II red-green cells are rare (de Monasterio, 1978b) . qualitatively classified red-green PC-cells as Types I and II, but eventually concluded from quantitative data that these types form a continuum.
One recent report suggested a continuum of Types I and II, with a high proportion (40%) of Type II cells (Reid & Shapley, 1992) . These authors used a silent-substitution stimulus, modulating either the M-or L-cones, to map each cone's receptive field. This stimulus is a powerful way of mapping cone inputs, but the pixel size used was large (7 min arc), perhaps failing to resolve center-surround structure. When receptive fields are mapped with silent substitution stimuli at finer resolution (Kremers, Yeh & Lee, 1992; a much smaller proportion of Type II cells (ca 10%) was found, but again with a continuum between Types I and II. In any event, there is currently little quantitative physiological evidence for Type II cells as a separate class of red-green cell.
Cone opponency and centers and surrounds of PCcells. The anatomy of the midget system near the fovea, with one cone going to one bipolar to one ganglion cell, strongly suggests that fovea1 red-green PC-cell centers receive input from only one cone type. The morphology of peripheral midget cell dendritic trees suggests selection of the midget bipolar cells contacted, in that certain cone pedicles appear to be avoided (Dacey, 1993b) . This implies selection of specific cone types by the center in peripheral midget ganglion cells, but until physiological data are available the extent of cone opponency in the far periphery remains uncertain.
Interest in the idea of mixed cone input to PC-cell surrounds (Kaplan et al., 1990; Lennie, Haake & Williams, 1991; Paulus & Kroger-Paulus, 1983 ) has revived due to the demonstration of little cone specificity in the connections of primate horizontal cells (Boycott et al., 1987; Wassle et al., 1989 ; see above). The hypothesis is attractive, since it reduces the specificity required when retinal connectivity develops. Detailed analysis showed that many physiological data could be explained either on the basis of pure or of mixed surrounds (Lennie et al., 1991) . However, recent evidence has not been in support of mixed surrounds. Maps of PC-cell receptive fields with cone-isolating stimuli show no evidence for mixed surrounds Reid & Shapley, 1992) , and some other physiological results are not easily compatible with mixed surrounds (Smith et al, 1992 ). However, it should be noted that these experiments might find a small degree of mixing difficult to detect. In any event, with horizontal cell types in the primate retina showing no indication of cone opponency, the anatomical site of opponency may have to be sought in the IPL. It seems very likely that opponency is elaborated in the IPL in the case of ganglion cells with S-cone input, in view of the results from HI1 horizontal cells.
Cone inputs to centers and surrounds: MC-cells. Spectral sensitivity of MC-cell centers can be described by a sum of M-and L-cone inputs, with no evidence for S-cone input (Kaiser, Martin & Valberg, 1990) . Spectral sensitivity of the surround is much more complex and cannot be simply summarized. Some of its properties are discussed in a later section.
Center sizes and dendritic trees. For cat ganglion cells, it has been established that receptive field center diameter bears a close relation to dendritic tree size (Wassle, Boycott & Illing, 1981a; Wassle, Peichl & Boycott, 1981b) . Parasol cell dendritic trees also appear to correlate with MC-cell center diameter. From the anatomy, parasol MC-cell center diameters were estimated to be about 5 min arc in the fovea (Griinert, Greferath, Boycott & Wissle, 1993) . MC-cells in and near the fovea of the macaque respond up to 2OAO c/deg (Blakemore & Vital-Durand, 1986 ; Crook, LangeMalecki, . Ganglion cells respond until about 1.8 cycles fit into the receptive field center (Peichl & Wassle, 1979) giving center diameters of 2.7-5.4 min arc. This similarity also holds at other retinal eccentricities (Crook et al., 1988) . Maps of MC-cell receptive field centers in vitro have also shown a close match with dendritic morphology (Dacey & Lee, 1994b) .
For red-green PC-cells, the situation is more complex. In and near the fovea, a single midget ganglion cell appears to receive input from a single cone through a midget bipolar (see Wassle & Boycott, 1991 for review) . Center size should then be determined by the cone sampling aperture rather than dendritic tree size. It is perhaps worth stressing that ganglion cell dendritic field diameter as a pointer to center size is only useful when the dendritic field provides the major site of spatial convergence, and this is not the case for the midget ganglion cell. In any event, the anatomy suggests there should be a large difference in receptive field center size between PC-and MC-cells.
Physiological evidence has generally failed to confirm this anatomical prediction. Measurements of center sizes of such small dimensions are difficult due to residual eye movements, and most evidence derives from measurements of cell visual resolution, for, as just mentioned, the spatial frequency to which a cell just responds is closely related to center diameter. Figure 5 shows visual resolution of a sample of PC-and MC-cells as a function of eccentricity (from Blakemore & Vital-Durand, 1986) . Distributions for the two cell types overlap, with fovea1 cells of both types responding up to several tens of c/deg. made similar resolution measurements and center radii derived from them showed a similar result (their Fig. 4 ). Both these sets of data were obtained from the LGN, but similar results have been obtained from retinal ganglion cells (Crook et al., 1988) . One recent report (Croner & Kaplan, 1995) described a difference between PC-and MC-cell center sizes, but the discrepancy with earlier results appears to lie within the rather small sample of MC-cells, which had larger centers than in other studies. When center diameters have been measured with other methods, area summation curves yielded diameters consistent with the resolution measurements (Crook et al., 1988; Lee, Wehrhahn, Westheimer & Kremers, 1993b) . All these data suggest that PC-and MC-cell center sizes are much more similar than would be expected from a comparison of MC-cell dendritic tree diameter with cone sampling aperture (for red-green PC-cells). In one earlier study, very small PC-cell centers size were found when the receptive field center was scanned with a small, flashed spot (de Monasterio & Gouras, 1975) . It is possible that this method may have confounded the difference in PCand MC-cell contrast gain (Kaplan & Shapley, 1982; Shapley, Kaplan & Soodak, 1981 ) with a center-size difference, but a number of other features of these early results, such as the suggestion of a center with discrete subregions, show this question merits re-examination.
The inconsistency between anatomical and physiological center size for red-green PC-cells has still to be resolved. In the fovea, PC-cell center sizes could be overestimated physiologically due to optical blur but this is less likely parafoveally where optical quality is superior to requirements. In the parafovea, cones have a diameter of l-2 min arc, still much smaller than physiological estimates (ca 10 min arc). Another possibility is that the low achromatic contrast gain of PC-cells restricts their ability to respond to high spatial frequencies (Shapley & Perry, 1986 ) but center sizes measured by area summation should not be affected. Another possibility is that "neural blur" is present. If cone opponency is generated through interneurons that are themselves cone opponent, this could increase PC-cell center size beyond the diameter of a single receptor. Perhaps all these factors contribute; resolution of this issue is not yet in sight. A complicating issue is that center size (and shape) is also likely to be dependent on local cone distributions. In the extreme case, if a single L-cone is embedded in a large patch of M-cones, then the red on-and off-center cells associated with it could well have a single cone center. When more cones of the same type clump together, a possibility of a larger center might exist. Measurements with interference techniques may help resolve this issue.
Recent identification of the blue-on, + S -(ML) cell as the small bistratified anatomical type has permitted direct comparison of receptive field diameter with dendritic morphology of these PC-cells. Preliminary observations indicate that both excitatory and inhibitory cone inputs have similar extents (i.e. a Type II receptive field) which match dendritic tree diameter (D. M. Dacey and B. B. Lee, unpublished observations).
Receptive field physiology
Sensitivity and temporal properties. It is well established that achromatic contrast sensitivity of PC-cells is a factor of 8-10 lower than for MC-cells Hicks, Lee & Vidyasagar, 1983; Kaplan & Shapley, 1982 Lee, Martin & Valberg, 1989b; Shapley et al., 1981) . However, M, L-cone opponent PCcells respond well to chromatic modulation, and, in terms of cone contrast, sensitivities of MC-cells to achromatic and of PC-cells to chromatic modulation are more comparable, differing only by a factor of 2-3 ( Lee et al., 1989b; Lee, Martin, Valberg & Kremers, 1993a) . The poor sensitivity of PC-cells to achromatic modulation is thus largely due to cancellation of the opponent cone signals. This is a direct consequence of the almost equal weightings for M, L-cone opponent cells in Fig. 2 . Thus, when stimulated appropriately both PC-and MC-cells make comparable use of the cone signals available to them.
As a function of temporal frequency, responsivity of MC-cells to luminance modulation is band-pass in shape with a peak at 20-40 Hz at 2000 td, and responsivity of PC-cells to chromatic modulation is low-pass in shape, falling off above 20-30 Hz (Lee et al., 1989b; Lee, Pokorny, Smith, Martin & Valberg, 1990) . Decreasing retinal illuminance results in changes in responsivity broadly consistent with psychophysical sensitivities to these types of modulation as retinal illuminance decreases.
A striking feature of PC-cells is the high degree of temporal linearity observed in their responses. Their responses to complex waveforms (Kremers, Lee, Pokomy & Smith, 1993) and brief pulses (Lee, Pokorny, Smith, Martin & Valberg, 1994) can be directly predicted from sinewave responses even at high contrast. One reason for this linearity of response is the lack of any contrast gain control mechanism (Beriardete, Kaplan & Knight, 1992; Lee et al., 1994) , even in PC-cells with Scone input . Contrast gain control was first described in X-and Y-cells of the cat (Shapley & Victor, 1978) . Its features include rapid response saturation as a function of contrast accompanied by an advance of response phase. Figure 6 shows data (from Benardete et al., 1992) illustrating the absence of these effects in PC-cells, while MC-cells show them. Data from a cat X-cell are included for purposes of comparison. The high degree of temporal linearity of PCcells to both achromatic and chromatic stimuli (and their linear spatial summation) make them a uniquely linear class of ganglion cell.
Spatial properties. Most authors now agree that spatial summation in PC-and most MC-cells is quite linear (see Kaplan et al., 1990 for review). However, recent studies have revealed a more complex receptive field structure in the MC-cell surround. This becomes apparent when a chromatic element is present in the stimulus. When the center alone is stimulated, with small spots or high spatial-frequency gratings, these effects are largely absent (Lee, Martin & Valberg, 1989a) .
Two forms of chromatic response are present. One of them is a non-linear, excitatory response to both directions of a color exchange. MC-cells are excited by both directions of movement of red-green borders (Schiller & Colby, 1983) and with sinusoidal chromatic modulation this is seen as a response at twice the stimulus frequency (Lee et al., 1989a) . When different pairs of colors are tested, the amplitude of the non-linear response is proportional to the 1 L -M 1 cone difference signal for sinusoidal modulation (Lee et al., 1989a) and moving borders (Kaiser et al., 1990; Valberg, Lee, Kaiser & Kremers, 1992) . Figure 7 illustrates this response (from Valberg et al., 1992) . A border between two different colors (646 and 508 nm) was moved back and forth across the receptive field of an MC-cell, and the luminance ratio across the border was varied, straddling equal luminance. Peak firing rate, after subtraction of maintained activity, is plotted against the luminance ratio across the border for the two directions of movement. With a strong luminance imbalance between the two fields, an excitatory response is present to one direction of movement, and a suppression of activity (a negative response) to the other. Close to equal luminance, there is an excitatory response to both directions of movement. This causes the curves for the two directions not to intersect at zero response, but at a positive value (estimated by q). The physiological origin of this response is not yet clear. It is still present with silent substitution of either the M-or L-cone (Lee et al., 1993a, b) . This rules out an explanation based on a straightforward non-linearity of cone summation or a slow, adaptation-based non-linearity. The other chromatic response of MC-cells is present as a first harmonic. Wiesel and Hubel (1966) reported that MC-cells displayed changes in maintained activity on illumination of the whole receptive field with red light, and also reported some spectral opponency at 3.75 Hz. More recently, Reid and Shapley (1992) proposed that the L-cone is dominant in the MCcell surround. However, results obtained on changing the relative phase of heterochromatically modulated lights (Smith et al., 1992) , suggest that the surround has a true chromatic, M, L-cone opponent input. The chromatic input attenuates as temporal frequency is increased, and above 10 Hz has diminished substantially.
The physiological origin of these two chromatic responses from the MC-cell surround, and the relation between them, is not yet understood.
They are stressed here to illustrate that MC-cells, although likely to provide the physiological substrate for photometric tasks in which some sensation is minimized at equal luminance (Kaiser et al., 1990; Lee et al., 1988), can seldom be silenced. Only for tritan pairs of lights is no residual response found (Valberg et al., 1992) .
Receptive field numerosity and overlap
PC-and MC-cells together make up about 90% of primate ganglion cells. About 10% are MC-cells (Perry et al., 1984) . It has been a matter of dispute as to whether this proportion holds in the fovea, but recent data indicate this to be the case. Direct staining of these cells is likely to yield the most reliable data rather than indirect inferences as to numerosity (e.g. Connolly & Essen, 1984) . Although neurofibrillar staining for parasol cells is unreliable in the fovea, in one successful retina they made up 12% of ganglion cells (Silveira & Perry, 1991) . Staining of parasol cells with a GABA antibody labeled 5-8% of fovea1 ganglion cells (Griinert et al., 1993) . It is thus very likely that the percentage of MC-cells remains constant, or decreases only slightly, in the fovea1 region. Of the 80% of ganglion cells belonging to the PCpathway some 20% may belong to the classes having Scone input. The remaining 60% are then red-green opponent cells of various types.
The structure of the retinal lattice of MC-cell receptive fields (Silveira & Perry, 1991) appears similar to the lattice of cat p cells (Wassle et al., 1981a, b) . The retinal lattice of PC-cell receptive fields has not been studied anatomically, but in so far as PC-cell centers in and near the fovea are dominated by a single cone, their distributions should be as for the cones; there appears to be one on-and one off-center midget ganglion cell per cone (see Wissle & Boycott, 1991 for references) .
Coverage factor (center area times cell density, reflecting the number of cell centers covering a given point in visual space) is an important parameter for sampling mosaics; a degree of overlap of neighboring receptive fields is desirable for spatial localization, so that location and contrast of a stimulus can be deconfounded.
Coverage factors are often calculated on the basis of dendritic tree size, but from a functional viewpoint physiological center size measurements are preferable. In many ganglion cells, of course, these two diameters are similar. For MC-cells (on-and off-center separately) the coverage factor is 34 (Griinert et al., 1993) . This is slightly less than for p-cells of the cat retina (Wassle & Boycott, 1991) . A similar coverage factor is likely for the blue-on cell (Dacey, 1993a ).
How to calculate coverage factors for red-green PCcell mosaics remains an intriguing problem. If centers are derived from a single cone as anatomy suggests, then the coverage factor must be about 1 in the fovea, where neighboring cones abut, and < 1 in the parafovea, where cones are separated by rods. If the larger center sizes derived from physiological measurements are used (e.g. then higher coverage factors are obtained (ca 10) if, for example, red and green oncells are combined.
If they should be treated as two populations, then for each the coverage factor is 5, but this would vary locally due to the patchy distribution of cones. Furthermore, since centers are likely to be cone specific, within them only patchy connections to the cone mosaic may be present. The functional consequences of this patchiness have been little explored.
Receptive field structure and function
Psychophysical
detection of luminance or chromatic modulation appears to be mediated by separable mechanisms (e.g. Kelly & van Norren, 1977) . Although MC-and PC-cells overlap in many of their properties (Merigan & Maunsell, 1993) luminance and chromatic temporal channels seem to map closely onto cell types in the MC-and PC-pathways (Lee et al., 1989b; . For example, psychophysical performance in flicker photometry appears to rest on MC-cell responses as a physiological substrate , and the effect of stimulus phase on flicker photometry has been shown to be due to the chromatic surround response of these cells (Smith et al., 1992) . Other evidence, especially if psychophysical sensitivities and cell responsivities are plotted in a cone-contrast space (Cole, Hine & McIllhagga, 1993; Lee et al., 1993a, b) , suggests a correspondence between different PC-cell types and chromatic mechanisms identified psychophysically.
One remarkable feature of the PC-pathway response to temporal chromatic modulation is that cells respond to much higher frequencies than can be detected by human observers, and it is necessary to postulate central lowpass filtering of their signals (Lee et al., 1989b Yeh et al., 1995) . The locus of this filter is uncertain, but it would appear to follow Area 17 (Lennie, Krauskopf & Sclar, 1990) . Such a filter presumably acts on all PCpathway signals. It would be unable to distinguish if signals arose from chromatic modulation, luminance modulation, or some combination of the two. The reason for discarding these high-frequency signals is not known. It may have to do with the center-surround latency difference in these cells (Gouras & Zrenner, 1979; Smith et al., 1992) , which makes response phase at high frequencies dependent on the chromatic content of the stimulus. Clearly, it would be disadvantageous for analysis, e.g. of fast movement, if the timing of the movement signal depended on the color of the object. This may be why this is one task in which the MCpathway plays the primary role. The lack of a contrast gain control in PC-cells may also be functionally important. One obvious advantage is that a large linear range will help accurately code even saturated colors, responses to which might saturate if contrast gain control were present.
The link between PC-and MC-cells and performance is more controversial for spatial vision. Although early psychophysical evidence suggested fine spatial vision might be supported by a luminance mechanism (Pokorny, Graham & Lanson, 1968) , physiological evidence [the suggestion of a lack of MC-cells in the fovea (Gouras, 1969) a larger center size] led to the conclusion that the MC-pathway was not the physiological substrate. If an achromatic channel for spatial vision relies on PC-cell activities, this must be formed at a central locus through combination of PC-cell signals (DeValois & DeValois, 1993; Ingling, 1991; Lennie & D'Zmura, 1988) . For example, with a combination of a red on-center and a green on-center neuron, the chromatic signal could cancel, to reveal an achromatic signal component. It is not clear if these models are neurophysiologically plausible. For example, one problem may be that they require a high degree of linearity of response. A rectifying non-linearity is present in all neurons since firing rates cannot be negative. With signals of PC-cells, it is not obvious that such models would function when responses are large enough for this rectification to occur . Another difficulty is that PC-cells show low achromatic contrast sensitivity even to fine spatial patterns . It is of course possible to postulate that signal-to-noise ratio might be improved by summation in the PC-pathway (Watson, 1992) , but only at the expense of decreasing effective sampling density.
As discussed in earlier sections, MC-cells are present in the fovea in the usual proportion, and although the center size difference for MC-and PC-cells has not been resolved, fovea1 MC-cells respond to several tens of c/deg, probably close to the resolution limit of this species (Cavonius & Robbins, 1973) . There is good evidence that MC-cells play a critical role in some spatial tasks, such as the minimally distinct border (Kaiser et al., 1990; Valberg et al., 1992) and displacement and vernier hyperacuity with achromatic patterns (Lee et al., 1993a, b; Lee, Wehrhahn, Westheimer & Kremers, 1995) . This involvement in hyperacuity tasks suggests that the MCpathway can deliver spatial signals to a high degree of precision. Although the density of MC-cells has a lower two-dimensional Nyquist limit than behavioral resolution (Merigan & Maunsell, 1993) grating targets are only one-dimensional and thus highly redundant, while Landoldt's C targets are presented in only a few widely separated orientations, and thus are not likely to suffer from Nyquist limitation. It may be that the MC-pathway plays a much larger role in a luminance channel for spatial vision than generally supposed, as suggested by Livingstone and Hubel (1987) .
Physiological data thus suggest that MC-and PC-cells have quite specific roles in certain psychophysical tasks. These data are often but not always consistent with macaque behavioral deficits following lesions (e.g. Merigan & Maunsell, 1993; Schiller, Logothetis & Charles, 1990) . The severe impairment in chromatic discrimination following PC-pathway lesions is as expected from the physiology. Also, performance of one out of two macaques on a vernier acuity task was unaffected by wholesale destruction of PC-cells by acrylamide (Lynch, Silveira, Perry & Merigan, 1992) consistent with the MC-pathway being able to support performance. It is remarkable that striate cortex can retain normal function after removal of over 75% of afferent input, and indicates a powerful input of the MCpathway to the vernier positional sense. On the negative side, some photometric tasks, in which there is a degradation of performance at equal luminance, appear to be unaffected by magnocellular pathway lesions, although it is difficult to see how they could be based on PC-cell activity.
To isolate psychophysical contributions from the MCand PC-pathways, it is desirable to define stimulus conditions which isolate one or the other. Physiological results show this to be quite difficult. For example, the MC-pathway is very difficult to silence with equalluminance stimuli. The residual responses to equal luminance borders shown in Fig. 7 can account for residual distinctness of equal luminance borders observed psychophysically (Kaiser et al., 1990; Valberg et al., 1992) . For red-green borders, the residual signal is equivalent to 15-20% achromatic contrast, which may provide a strong spatial signal.
Certain stimulus conditions may yield better isolation.
Firstly, the residual response in MC-cells is weak at low retinal illuminances, in the low photopic-high mesopic range (Lee et al., 1989a) . Secondly, since the response derives from the MC-cell surround, high spatial frequency patterns will yield less residual response. Thirdly, residual responses in the MC-pathway are smaller or absent at low red-green contrasts or with stimulation along a tritanopic confusion line. Impairment of spatial vision at isoluminance is most severe when these conditions have been met.
CONCLUSIONS
Recent results point to the primate retina being organized anatomically in a simple and elegant manner, at least as far as those cell systems providing input to the thalamus are concerned. Physiological cell types appear to correspond to ganglion cells with specific morphologies. The specificity of cone connectivity so far observed does not suggest that random wiring plays a large role in generation of receptive field structure. Yet a number of questions remain to be resolved. cone opponency does not entirely break down, but it remains unknown if it as pronounced as in central vision.
(6) From a functional perspective, recent anatomical and physiological data suggest a stronger separation of function between the PC-and MC-pathways than suggested by lesion experiments (Schiller et al., 1990) which favor substantial functional overlap. In many visual tasks, presumably cues from either can be used. After lesion of one pathway, cues from the other may be utilized, although we have no evidence as to whether the stimulus is then perceptually equivalent. Although there is much evidence for cooperation between PC-and MCsignals (Merigan & Maunsell, 1993) , it seems less likely that these signals are indiscriminately pooled centrally, than that they are combined and processed in very specific ways.
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(1) New data from horizontal cells suggest that the HI1 type is specifically concerned with the S-cone pathway, but does not contribute to the development of cone opponency. This must then be generated in the IPL. Since MC-cells and red-green PC-cells receive little or no Scone input, the HI type presumably is common to both these classes, again not contributing to the opponency of red-green PC-cells. The consequences of this shared connectivity remain to be assessed.
(2) Current evidence favors cone-specific surrounds in M, L-cone opponent PC-cells. However, until an anatomical substrate in the IPL has been defined, the question remains open. The problem is complicated by the likelihood that the inner midget mosaic contains two cell types, red and green on-center neurons. These would have opposite surround requirements if cone-specific surrounds were present. The same applies to the offcenter system and the outer IPL mosaic. When a satisfactory anatomical model of cone opponency becomes available, other odd features of the PC-cell field may be understood, e.g. the discrepancy between center size and dendritic tree diameter and the nonoverlap between neighboring cells' dendritic trees.
(3) It is uncertain where and how the chromatic responses in the MC-cell surround arise. The non-linear response may arise partly through horizontal cell connections in the outer plexiform layer, but some kind of "crosstalk" in the IPL may also occur through overlap of parasol and midget dendritic fields (Watanabe & Rodieck, 1989) . 
